
IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 6, DECEMBER 2003 1885

Probing Proton Damage in SOI CMOS Technology
by Using Lateral Bipolar Action

Ying Li , Student Member, IEEE, Guofu Niu, Senior Member, IEEE, John D. Cressler, Fellow, IEEE,
Jagdish Patel, Member, IEEE, Mike Liu, Member, IEEE, Mohammad M. Mojarradi, Member, IEEE,

Robert A. Reed, Member, IEEE, Paul W. Marshall, Member, IEEE, and Benjamin J. Blalock, Member, IEEE

Abstract—We investigate proton damage in SOI CMOS devices
on UNIBOND using a variety of lateral bipolar operational modes.
We show that the impact of interface states and oxide charge can
be more clearly observed using lateral bipolar action than by using
normal FET operational characteristics. We also investigate the ra-
diation-induced interface states at the Si/buried oxide interface and
oxide charges in the buried oxide of this SOI CMOS technology
using the DCIV method.

Index Terms—Interface states, interface traps, lateral bipolar,
proton radiation, SOI.

I. INTRODUCTION

I T is well known that proton radiation produces both
displacement and ionization damage in semiconductor de-

vices. In MOSFET characterization, the subthreshold
characteristics are widely used to determine the number of
interface traps introduced by irradiation, as well as the resulting
radiation-induced fixed oxide trapped charges. The induced
change of the characteristics, however, is often
very small, making the identification of radiation-induced
charges difficult, primarily because of the thin gate oxide found
in modern devices. On the other hand, the gate-controlled
base current or gate-diode current can be used to
measure the recombination current due to the interface traps
generated at the interface during fabrication, under
stress, or after radiation, when an MOSFET is operated as
a lateral bipolar transistor [1]–[5] or as a gated diode (body
to source/drain) [6]–[8]. Electrical properties of the interface
traps, including their energy levels and density, can be derived
from the gate bias dependence of the recombination current
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[9]–[11], an analysis technique which can be dated back to the
early 1960s [12], [13].

We propose in this paper a new technique for identifying
radiation-induced charge by using the collector current char-
acteristics of a lateral bipolar transistor, and demonstrate its
utility by applying it to the analysis of proton radiation damage
in SOI CMOS devices on UNIBOND. This technique, together
with conventional measurements and direct-current
current-voltage (DCIV) measurements [1], provides an effective
toolset for radiation damage probing of advanced transistor
technologies. We also investigate the radiation-induced inter-
face states and oxide trapped charge for the back-gate transistor
in SOI CMOS technologies using theDCIV method. The
back-gateDCIV spectra ( versus back-gate curves)
clearly shows the radiation-induced changes in interface states
at the Si/buried oxide interface, as well as fixed oxide charges
trapped in buried oxide during irradiation and, hence, is very
useful for diagnostics of irradiated devices.

II. EXPERIMENT

The devices were fabricated using Honeywell’s 0.35par-
tially depleted SOI technology [14]. The SOI substrate here was
formed by UNIBOND. The buried oxide thickness was 400 nm.
The silicon film thickness was 225 and 215 nm before and after
device processing, respectively. Total dose radiation hardening
of the front gates, back gates, and field oxides was accomplished
by appropriate steps in the CMOS process flow. The doping in
the silicon film is not uniform but averages . A
single doped polysilicon gate is used. The transistor has a
8 nm thick gate oxide, and a CVD oxide refilled shallow trench.
Both nFETs and pFETs have lightly doped drain (LDD) struc-
tures to improve hot electron reliability. The body tie is formed
by a connection at each end of the gate [16], [17].

The wafers were diced and attached to a ceramic holder and
directly exposed to 62.5 MeV protons to equivalent gamma
doses as high as 3 Mrad(Si) at the Crocker Nuclear Laboratory
Cyclotron located at the University of California at Davis. The
dosimetry measurements used a 5-foil secondary emission
monitor calibrated against a Faraday cup. Ta scattering foils
located several meters upstream of the target establish a beam
spatial uniformity of 15% over a 2 cm radius circular area.
Beam currents from about 5 pA to 50 nA allow testing with
proton fluxes from to . The dosimetry
system has been previously described [18], [19] and is accurate
to about 10%. At a proton fluence of , the mea-
sured equivalent gamma dose was approximately 136 krad(Si).
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Fig. 1. (a) Cross-section view of the basic SOI MOSFET structure. (b) Layout
of a 10/0.35 SOI nFET with body ties.

Fig. 2. Front-gate subthreshold characteristics of a 10/0.35 SOI nFET.

An array of SOI nFETs and pFETs with three different lengths
( , and )
were measured before and after radiation. During irradiation,
the device terminals were floating, and does not represent the
worst case bias conditions.

Fig. 3. The collector current versus the base-emitter current for a 10/0.35 SOI
nFET at the different gate-base voltages.

Fig. 4. The gate-controlledI curves for a 10/0.35 nFET.

The schematic cross-section of these SOI MOSFETs is shown
in Fig. 1(a). The body ties of the device cannot be seen in this
two-dimensional view because they are at the two ends of the
front-gate, as shown in Fig. 1(b).

III. M EASUREMENTTECHNIQUE

In our measurements, the front-gate controlled(also called
the “DCIV spectra” [1]) of the source (emitter)/ body
(base)/ drain (collector) lateral BJT for the nFET, and
source (emitter)/ body (base)/ drain (collector) lateral BJT
for the pFET , was used to probe the
recombination current from the interface traps which are dis-
tributed over the front-gate channel region. We also define a
back-gate controlled mode by sweeping the back-gate voltage to
obtain the base current . Because the drain/source junctions
penetrate the entire silicon film in this technology, under this
back-gate controlled mode measurement, the base current can
be also used to measure the recombination current from the in-
terface traps generated during irradiation (or even fabrication) in
the back-gate channel region (back-gateDCIVspectra). The col-
lector current characteristics of this front-gate controlled lateral
bipolar transistor are also used to identify the radiation-induced
charge.
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IV. RESULTS AND DISCUSSION

A. Front-Gate Transistor

Consider first an SOI MOSFET exposed to 1.3 Mrad and
3 Mrad radiation levels. The pre- and post-radiation front-gate

characteristics are shown in Fig. 2 for a 10/0.35
nFET. A close inspection shows

that the threshold voltage first increases with increasing dose,
and then decreases with further dose. The threshold voltage
is 0.64 V, 0.65 V, and 0.61 V at pre-radiation, after 1.3 and
3 Mrad, respectively. This can be attributed to the combined ef-
fects of interface traps (which increases) and oxide trapped
charge (which decreases ) [14]. The shift of the subthreshold

characteristics, however, is quite small, because of
the thin front gate oxide (8 nm in this case). The subthreshold
swing is 86.6 mV/decade before radiation and 89.3 mV/decade
after 3 Mrad radiation. Furthermore, it is impossible to make any
meaningful identification of the shift in the subthresholdfor
lower front gate voltages, since is below the measurement
resolution limit . This is unfortunate, since this shift
gives useful information on the interface trap density for traps
near the middle of the bandgap.

Recall that the subthreshold drain current can also be viewed
as the collector current of the underlying lateral bipolar tran-
sistor. The essential difference between this device and a stan-
dard BJT is that the base bias is provided through the gate oxide
capacitance [15]. We can therefore increase the drain current by
simply forward-biasing the source-body junction, which pro-
vides a much stronger bipolar action. To better examine the
properties of the radiation-induced interface charges as a func-
tion of gate voltage, we measured the collector current(or
the drain current) as a function of base-emitter voltage (or
body-source voltage) using the gate-body voltage as a
variable. Typical results are shown in Fig. 3 for the same device
shown in Fig. 2. The collector is grounded and thus .
The characteristics are typical of a bipolar transistor
except at high and high , when the surface is inverted.
The benefits of such a bipolar operation measurement include:
1) the net charge at the interface is more easily identified for
each gate voltage and 2) The interface trap information at lower

(negative in this case and hence near the middle of
the bandgap) can be obtained, due to the higherenabled by
the explicit forward .

In Fig. 3, at , one can clearly identify a de-
crease of at 1.3 Mrad, and a subsequent increase ofas
the radiation dose increases to 3 Mrad. This observation is con-
sistent with what one would expect by extrapolating the sub-
threshold curve to the lower range. However, the
identification from Fig. 3 is direct, and much easier in practice.
At , the at 1.3 Mrad is obviously lower than at
pre-radiation, and the at 3 Mrad is about the same as at pre-
radiation. Therefore, we believe that this new technique using
the collector current characteristics of a lateral bipolar tran-
sistor can be used to identify radiation-induced charge clearly
and probe the radiation damage in these SOI CMOS devices
on UNIBOND. While we recognize that the sample size used in
this study is small, and thus potentially problematic in resolving
the small device parameter changes observed, we point out that

very similar behavior in our earlier SOI CMOS investigations
were also seen [14], lending support to our present claims.

The front-gate controlled curves with a of 0.3 V are
given in Fig. 4 for the same device shown in Fig. 3. The radia-
tion-generated increase of gives a direct measure of the sur-
face recombination velocity and the density of the interface
traps, , because they are proportional to the maximum of
the radiation-induced [1]. Here, , where

is the independent baseline. The baseline current
physically comes from electron-hole recombination in the bulk
and surface traps located outside the p-channel, and hence are
not modulated by the gate voltage [20] when the channel is
in accumulation. However, in Fig. 4, the increase of base current
with radiation dose in the accumulation region can be clearly ob-
served and is attributed to majority carrier tunneling at the p/n
junction perimeter under the gate oxide [20]. With increasing
radiation dose, this majority carrier tunneling process increases
because the radiation-induced displacement damage increases
the number of defects at the corner of gate and drain (source)
regions. The pre-radiation peak can only be associated with
the interface traps introduced during the fabrication of the de-
vice itself. A similar increase of after radiation can also be
observed for a 10/0.35 pFET.

The density of the interface traps introduced by proton
irradiation for the 10/0.35 nFET in Fig. 4, can be determined
by this excess recombination current

for a single-level trap from (3) [1]

(1)

(2)

Therefore

(3)

In the above equation, is electron charge,
is the gate area, is the trap capture

cross-section [20], is the thermal velocity, is the intrinsic
carrier concentration. The calculated is ,

and for the 10/0.35 nFET
before radiation, after 1.3 Mrad radiation and 3 Mrad radiation,
respectively.

Fig. 5 shows the channel length normalized versus
dose for 10/0.35, 10/0.5, 10/10 nFETs having the same channel
width, but different channel lengths. It can be clearly seen that
the value of the is channel-length dependent, because
the radiation-induced interface traps are distributed along the
front gate channel. We can also see that the increases
with radiation dose for each device and has not reached a satu-
ration value up to 3 Mrad total dose, which means theis not
saturated at the front Si/oxide interface up to 3 Mrad. It is clearly
shown that the shorter devices experience a more rapid increase
of in Fig. 5 although is already normalized
by channel length. This can be explained by the nonuniform re-
combination rate at the Si/oxide interface which is determined
by the electric field along the p-channel. The shorter the devices
are, the stronger their electric fields along the p-channel are and,
thus, the more sensitive they are to interface traps. Therefore, the
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Fig. 5. Channel length normalized�I peak versus dose for a 10/0.35,
10/0.50, and 10/10 nFETs.

shorter devices experience a more rapid increase of
than in the longer devices. Actually, when the channel length is
small, the whole area underneath the gate cannot be treated as a
uniform surface for recombination, because of the lateral fields.
It is plausible that the radiation induced could be different
laterally.

B. Back-Gate Transistor

The back-gate controlled is measured when the front-gate
channel is accumulated (front-gate for the nFET
and front-gate for the pFET) to minimize recombi-
nation at the Si/front-gate oxide interface. The measuredis
then primarily due to recombination at the Si/buried oxide inter-
face or in the silicon film body. The back-gate controlledfor
a 10/10 nFET is shown in Fig. 6 at . Three peaks
(peak A, peak B, and peak C) can be clearly observed for both
pre- and post-radiation. Note that increases after radiation,
which is attributed to the increase of the number of recombina-
tion centers due to radiation damage.

The increases of in Fig. 6 are mainly caused by an
increase of (back channel) surface recombination instead of
bulk recombination, as explained below. First, the back gate
voltage dependence of is too strong to be explained by bulk
recombination. varies from 10 pA at 0 V to 400 pA
at its peak. Second, if bulk recombination dominates, the

would decrease monotonicallywith increasing back gate
voltage, because of increasing depletion layer thickness and
hence decreasing neutral base volume available for bulk recom-
bination. This is clearly not the case in Fig. 6. The multiple peak
characteristics of as a function of back gate can only
be explained using multiple energy level recombination centers
located at the back channel surface. For further confirmation,
we compare the values from back gate voltage sweep to that
from front gate voltage sweep. Fig. 7 shows the front-gateDCIV
spectra with the same of 0.3 V for the same 10/10 nFET.
It can be clearly seen that the maximum of the base line of,
which indicates maximum bulk recombination that occurs with
an accumulated front gate surface, is about 35 pA. However,
the in Fig. 6 is hundreds of pA. This further supports that
the radiation-induced increases of in Fig. 6 are from back
gate surface recombination instead of bulk recombination.

Fig. 6. Back-gate controlledI curves for a 10/10 nFET atV = 0:3 V.

Fig. 7. The front-gateDCIV spectra for a 10/10 nFET.

In the MOSFET back-gate curves, a nearly parallel
shift occurs after radiation, as shown in Fig. 8. Therefore, the
dominant charge induced by radiation is oxide trapped charge.
Surprisingly, no observable degradation of the MOSFET sub-
threshold slope can be identified, despite the strong increase of
back surface recombination. This indicates that the amount of
charges at the interface traps, which is modulated by the gate
voltage, is insignificant. A constant slope change is often a re-
sult of traps with uniform energy distribution, whose effect on
recombination current cannot be easily determined as for single
energy level traps. Previously, on electrically stressed MOSFET,
a strong degradation of the subthreshold slope and a strong in-
crease of theDCIV recombination current were both observed
[1]. This, however, is not true in our case for radiation induced
damage at the back gate surface. It is conceivable that these ra-
diation-induced interface traps at the back gate inter-
face act as effective recombination centers, but trap only a small
amount of carriers.

Unlike the MOSFET subthreshold curves, the post-
irradiationDCIV spectra is not a simple shift of the pre-irradia-
tion DCIV spectra, as shown in Fig. 6. However, the shifts of the
voltage position of the peaks is considerably different
from the shifts of the back gate curves. At 1.3 Mrad,
the shifts are 19.5 V for peak A, and 14 V for peaks B and C
in DCIV spectra. The shift of the subthreshold curve,
however, is 16.8 V at 1.3 Mrad. Given the fact that the shift of
the curve is nearly independent of , we conclude
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Fig. 8. Back-gate subthreshold characteristics of a 10/10 nFET before and
after radiation.

that the energy level distribution of interface traps differs be-
tween pre- and post-irradiation. Without a change in the energy
level distribution, the change of theDCIV spectra would be sim-
ilar to the change of the , except for an increase in the
magnitude of .

A logical question is whether the three peaks observed
simply indicate that there are three dominant discrete trap
energy levels. To answer this question, we plot versus

on semilog scales for each peak. The result for peak A
is shown in Fig. 9. Theory for a discrete energy level interface
trap predicts that , with
when , when , and
the transition from to occurs within 100 mV.
Here is determined by the trap energy level as

, with being the
trap energy level, being the intrinsic Fermi-level, and
and being the electron and hole capture rate coefficients
at this trap energy level [20]. The measured data, however, do
not show this behavior for peak A, either at pre-radiation or
post-radiation. Instead, the data can be fit using a singlefactor
over a wide range of . In this case, , 1.79, 1.75 for
pre-radiation, at 1.3 Mrad and 3 Mrad doses, respectively. This
observed dependence strongly suggests that the distribution of
the interface states (both pre- and post-radiation) is relatively
flat, despite the three noticeable peaks on theDCIV spectra.
The shape of the distribution, as discussed above, is changed
considerably after irradiation, because of different shifts for the
different peaks. We also have determined that thefactor is
1.6 for peak B and 2.0 for peak C at pre-radiation, 1.3 Mrad,
and 3 Mrad doses.

Different back-gate controlled curves can be observed in
Fig. 10 for a 10/10 pFET, both before and after irradiation. There
are only two observable peaks (noted as peak A and peak B)
and peak A is much sharper than any peaks observed in the
back-gateDCIV spectra of the nFETs as shown in Fig. 6. This
suggests a more concentrated interface state distribution (in the
bandgap) than for the nFET. At 1.3 Mrad, the shift
is 10.3 V, as shown in Fig. 11. The shifts in peak A and B,
however, are 15.5 and 10.0 V. This clearly indicates that the
energy distribution of the interface traps has changed after irra-
diation, for reasons similar to that in the nFET case. It is also
clearly shown that of peak B equals to that of peak A

Fig. 9. Variation of�I with the forward biasV from pre and after
two radiation doses. The lines are exponentially fit to the experiment data.

Fig. 10. Back-gateDCIV spectra for a 10/10 pFET: 1) pre-radiation; 2) after
1.3 Mrad; and 3) after 3 Mrad.

Fig. 11. Back-gate subthreshold characteristics of a 10/10 pFET before and
after radiation.

before radiation. However, with increasing radiation dose, the
of peak A increases quickly and exceeds that of peak

B at 1.3 Mrad radiation. This suggests that radiation-induced
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Fig. 12. Back-gate controlledI peak versus dose for a 10/10 nFET and a
10/10 pFET.

interface traps are concentrated at the same energy level as that
for peak A. Similar versus back-gate characteristics can
also be observed for the 10/0.35 pFET. Thefactor of
for this 10/10 pFET can also be extracted over a wide range of

(from to 0.6 V). In this case, for peak A,
for pre-radiation, at 1.3 Mrad and 3 Mrad

doses. For peak B, for pre-radiation, at 1.3
and 3 Mrad doses. Therefore, although the radiation-induced in-
terface trap distribution for the pFET is more concentrated than
for the nFET, these are not two dominant discrete trap energy
levels for the pFET.

Even though the nFETs and pFETs share the same back-gate
oxide, they observe a different back-gate radiation response,
as can be seen in Fig. 12 for the 10/10 nFET and pFET. It
is clearly seen that the recombination current of the pFET
back-gate channel is much smaller than that in nFET back-gate
channel for pre-irradiation. Below 1.3 Mrad radiation, the
peak for the pFET increases more quickly than for the nFET,
while above 1.3 Mrad, the recombination current of the pFET
is almost as same as that of the nFET. For the nFET, on the
other hand, the recombination current saturates after 1.3 Mrad.
Note, however, that the recombination current of the pFET still
increases, although at a much slower rate than below 1.3 Mrad.

V. SUMMARY

We have investigated radiation damage in SOI CMOS on
UNIBOND devices using a new technique which identifies ra-
diation-induced charge using the collector current in bipolar
operational mode, and have applied the technique to investi-
gating proton damage in these devices. This technique, together
with conventional measurements andDCIV mea-
surements, provides an effective toolset for radiation damage
probing of modern SOI technologies. UsingDCIV, the energy
distribution of radiation-induced interface states is investigated
for the back-gate transistor in this SOI CMOS technology. We
find that the energy distribution of the interface states is signif-
icantly changed by proton irradiation. Different back-gate radi-
ation behavior between nFETs and pFETs are clearly observed
in the back-gateDCIV spectra, suggesting a different damage
mechanism between the two devices. Finally, given the small
magnitude of the parameter changes we are analyzing, and the
small device sample size used in this study, we conclude that

our new technique, while promising, will require additional ex-
periments to ensure full validation, and that work is at present
underway.
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